A genomic library ofRhodosporidium toruloides DNA was constructed in bacteriophage A1059. Recombinant phage containing phenylalanine ammonia lyase (PAL) gene sequences were identified by using 32P-labeled cDNA to partially purified PAL mRNA. The PAL gene was subcloned on an 8.5-kilobase PstI DNA restriction fragment into pUC8 to generate the recombinant plasmid pHG2. A restriction map of the PAL gene, together with its flanking regions, was constructed. Northern hybridization analysis of R. toruloides RNA with a restriction fragment encoding part of the PAL gene indicates that PAL mRNA is 2.5 kilobases in length. A single-stranded DNA hybridization probe was constructed and used to quantitate PAL mRNA levels in R. toruloides grown under different physiological conditions. PAL mRNA levels paralleled changes in functional PAL mRNA and antigen. These data are consistent with control of PAL expression being at the level of transcription.
Phenylalanine ammonia lyase (PAL; EC 4.3.1.5), which occurs in plants (3) , yeasts (24) , fungi (30) , and streptomycetes (10) , catalyzes the nonoxidative deamination of L-phenylalanine to trans-cinnamic acid (16) . A dehydroalanine moiety acts as a prostetic group (16) . The enzyme has a potential role in the treatment and diagnosis of phenylketonuria (2) and has industrial applications in the synthesis of L-phenylalanine from trans-cinnamic acid (34) . The enzyme in plants is involved in flavanoid biosynthesis and is induced by illumination (29) . In gherkin and mustard seedlings induction is the result of activation of a constitutive pool of inactive enzyme (3) . In other botanical species the enzyme is synthesized de novo in response to illumination (29) . In gherkins, apples, sweet potatoes, and sunflowers, PAL is also regulated by a specific inactivating system (32) .
In Rhodosporidium toruloides phenylalanine can act as the sole source of carbon, nitrogen, and energy. As PAL catalyzes the initial reaction in the catabolism of the amino acid, the enzyme plays a key role in regulating phenylalahine metabolism. In R. toruloides PAL is induced by the presence of L-phenylalanine or L-tyrosine (24) . Growth with glucose or with ammonia and glucose together causes repression of PAL synthesis (24) . Work in this laboratory has shown that induction of PAL activity is the result of de novo synthesis of the enzyme rather than activation of an inactive precursor or a decrease in the rate of PAL degradation (14) . Glucose represses PAL synthesis but has no effect upon the stability of the enzyme, whereas ammonia prevents uptake of phenylalanine and so may repress enzyme synthesis through inducer exclusion (14) . In vitro translation of mRNA from R. toruloides grown under different physiological conditions showed that phenylalanine, ammonia, and glucose regulate PAL synthesis by adjusting the level of functional PAL mRNA (13) .
In eucaryotic cells the concentration of functional mRNA can be regulated at the levels of transcription (4, 22, 35) , processing of nuclear RNA into functional mRNA (1), and * Corresponding author. degradation of mRNA (15, 22) . This report describes the isolation of the gene encoding PAL from R. toruloides and its use in studying mechanisms by which functional PAL mRNA is controlled. The results indicate that glucose, phenylalanine, and ammonia regulate the PAL gene at the level of transcription. The gene was present as a single copy in the R. toruloides genome, and PAL is synthesized from a monocistronic mRNA of 2.5 kilobases (kb).
MATERIALS AND METHODS
Microbial strains and plasnilds. Microbial strains and plasmids used in this study are listed in Table 1 .
Media. Minimal media used for growth of yeast were described by Gilbert and Tully (14) . Escherichia coli Q358, Q359, and JM83 wete cultured in L broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl). Media were solidified with the addition of 2% (wt/vol) Bacto-Agar (Difco Laboratories). Ampicillin was added to 100 ,ug/ml. Strain JM101 was grown in 2YT medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl).
Chemicals. Methylmercuric(I)hydroxide was purchased from the Alpha Chemical Company. [8-3H] (13) . PAL mRNA was purified by sucrose gradient centrifugation (28), followed by agarose gel electrophoresis in the presence of methylmercuric hydroxide (23) .
Cell-free translation and immunoprecipitation of PAL. Cellfree translations in a mRNA-dependent translation system derived from rabbit reticulocyte lysates, as well as subsequent immunoprecipitation, were as described by Gilbert et al. (13) . Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was as described by Laemmli (21) .
Construction of phage library of R. toruloides DNA. A phage library of R. toruloides DNA was constructed in bacteriophage X1059 essentially as described by Karn et al. (20) .
32P-labeling of nucleic acid. cDNA was synthesized from 1-jxg portions of mRNA as described by Emtage et al. (11) . The specific activities of the product was ca. 108 cpm/,ug of DNA. Double-stranded DNA was labeled by nick translation to a specific activity of 1 x 108 to 4 x 108 cpm/plg DNA (23) .
Screening of the A library for the PAL gene. For screening the library, recombinant phage were grown on E. coli to a density of 100 plaques per cm2. Phage DNA was transferred to nitrocellulose as described by Benton and Davis (6) . Hybridization of the filters to the probe, subsequent washing, and autoradiography of the filters were done as described by Maniatis et al. (23) .
Hybrid-selected translation. Plasmids were immobilized on nitrocellulose as described by Parnes et al. (27) . Incubation of filters with yeast poly(A)-containing RNA, washing of filters, and elution of RNA were as described by Maniatis et al. (23 Protoplasts were pelleted at 1,200 x g for 5 min and suspended in 20 ml of 0.15 M NaCl-0.1 M EDTA (pH 8.0). Proteinase K (50 ,ug/ml) and SDS (1%) were added, and the cells were incubated for 2 h at 37°C, after which time 90% lysis had occurred. The suspension was extracted once with chloroform-isoamyl alcohol (24:1 [vol/vol]). Two volumes of ethanol was layered over the aqueous phase, and the DNA was spooled. After the DNA was redissolved in 20 ml of 50 mM Tris-hydrochloride (pH 7.4), RNase A (DNase free) was added to a final concentration of 80 ,ug/ml, and the solution was incubated at 37°C for 2 h. After the DNA solution was dialyzed for 16 h at 4°C against 200 volumes of 50 mM Tris-hydrochloride (pH 7.4), the aqueous phase was extracted twice with phenol and once with chloroform and made 0.1 M with NaCl, and the DNA was spooled as described above. The DNA pellet was redissolved in 10 mM Tris-hydrochloride (pH 7.4)-i mM EDTA to a final concentration of 1 mg/ml.
(ii) Plasmid DNA. E. coli plasmids were purified from 500 ml of L broth cultures containing 100 ,ug of ampicillin per ml by "Brij lysis" and subsequent CsCl density centrifugation (7) . The rapid boiling method of Holmes and Quigley (18) was employed for small-scale plasmid isolation for screening purposes.
General DNA recombinant procedures. Restriction endonucleases and DNA ligase were used according to the instructions of the manufacturer. Transformation of E. coli was performed as described by Cohen et al. (8) . Hybridization conditions for either Southern blots of DNA gels or Northern blots of RNA gels were as described in screening the A phage bank for the PAL gene. All recombinant DNA work was done under category I containment.
Electrophoresis of nucleic acid. DNA was electrophoresed in agarose gels (0.8 to 1.5%) by using a Tris-borate-EDTA buffer (25) . X digested with HindIII or HindIII-EcoRI and 4X174 RF digested with HaeIII were used as molecular weight standards. DNA was transferred to nitrocellulose as described by Southern (31) .
For analytical electrophoresis RNA was denatured at 60°C for 15 min in 20 mM 4-morpholinepropanesulfonic acid (MOPS; pH 7.0)-5 mM sodium acetate-i mM EDTA-2.2 M formaldehyde-50% formamide (vol/vol). Poly(A)-containing RNA (2.5 p,g/cm slot) was electrophoresed for 16 h at 20 mA in 1% gels. Gel buffer was as described above, except formamide was omitted. Reservoir buffer consisted of 20 mM MOPS (pH 7.0), 5 mM sodium acetate, and 1 mM EDTA. After the gel was stained with ethidium bromide, RNA was transferred to nitrocellulose as described by Thomas (33) .
PAL activity. PAL catalytic and antigenic activity were determined as described by Gilbert and Jack (12) .
Quantitation of PAL mRNA. A single-stranded probe which hybridized to PAL mRNA was synthesized from a 0.6-kb SaII-SstI DNA restriction fragment encoding part of the PAL gene as described by Durnham and Palmiter (9 "olyacrylamide gel was flurographed and exposed for 16 h pHG2 directs the in vitro synthesis of a polypeptide which
The position of purified PAL is indicated on the gel.
comigrates with native PAL on SDS-polyacrylamide gels.
The protein gives a similar spectrum of peptides compared with native PAL, when partially digested with chymotrypsin Iladenine as described previously (13) . Cells were and V8 protease. These data show that the in vitro translaLrvested, washed in 0.15 M NaCl, and suspended in tion product produced by mRNA which hybridizes to pHG2 ntaining 5 mM nonradioactive adenine. At regular is PAL, and therefore, the plasmid pHG2 contains PAL gene cells were removed, the RNA was extracted (13), sequences. 'AL mRNA was quantitated by hybridization to DNA enzyme restriction analysis and subcloning of the PAL {A as described above. The degradation rate of the gene. The position of the PAL gene within the 8.5-kb PstI was determined from the decrease in 3H-PAL restriction fragment was determined by digesting pHG2 with er ,ug of total RNA with time. BclI and PstI. The three R. toruloides DNA fragments proteolysis in SDS-polyacrylamide gels. Limited generated (1.5-kb and 0.3-kb BclI-PstI fragments flanking a is was verformed as described by Gilbert et al. (13 Fig. 4 are not present in the R. toruloides fragment present in pHG3. in hybrid-selected translation of PAL mRNA. Only plasmid pHG3, which contained the 6.7-kb BclI fragment, selected PAL mRNA, indicating that the PAL gene was contained within this fragment. The cleavage sites of different restriction enzymes were mapped within the 6.7-kb BcII DNA fragment (Fig. 2) . To localize the PAL gene within pHG3, the plasmid was digested with restriction enzymes, and the resultant fragments were cloned into pUC8. The recombinant plasmids were used in hybrid-selected translation of PAL mRNA. Results showed (Fig. 2) that the BclI-SalI fragment in pHG13, the BamHI-XhoI fragment in pHG14, and the BamHI-BclI fragment in pHG18 did not hybrid-select PAL mRNA. However, the BamHI-BglII fragments present in pHG15 and pHG16, together with the SalI-BamHI fragment in pHG17, hybridized to PAL mRNA. These data localize the PAL gene to a 2.7-kb XhoI-SalI restriction fragment within pHG3 (Fig. 2) .
Size of PAL mRNA. Total poly(A)-containing RNA, extracted from R. toruloides grown on phenylalanine minimal medium and glucose-ammonia medium, was fractionated under denaturing conditions on agarose gels. The RNA was transferred to nitrocellulose and hybridized with 32P-labeled pHG15. The probe hybridized to an RNA species, 2.5 kb in length, which was present only in RNA extracted from cells grown on phenylalanine minimal medium (Fig. 3) .
Orientation of the PAL gene. (Fig. 2) . Number of PAL gene copies. The 3-kb-BamHI DNA restriction fragment, encoding most of the PAL gene (Fig. 2) , was 32P-labeled and used to probe Southern blots of R.
toruloides DNA digested with different restriction enzymes. The results showed (Fig. 4) that the probe hybridized to single restriction fragments when genomic DNA was digested with enzymes which did not cleave within the 3-kb BamHI fragment. Two restriction fragments hybridized to the probe when R. toruloides DNA was digested with SstI, which did cut within the PAL gene. These data are consistent with the suggestion, based on genetic analyses, that only one copy of the PAL gene is present in the R. toruloides genome.
PAL mRNA levels in R. toruloides. Single-stranded 32P-labeled PAL cDNA was employed in RNA-driven hybridization reactions to determine PAL mRNA levels in R. toruloides grown under different physiological condi- transferred to nitrocellulose, hybridized to 32P-labeled pHG4, and autoradiographed for 72 h. pHG4 contains the 3-kb BamHI fragment present in pHG3 which encodes most of the PAL gene (Fig. 2) The degradation rate of PAL mRNA was determined by pulse-labeling RNA with [8-3H] adenine when cells were grown in different physiological conditions. Results presented in Fig. 6B and Table 2 show that PAL mRNA decayed exponentially with time in all growth conditions tested. The half-life of PAL mRNA was ca. 8 min in inducing (phenylalanine), noninducing (glucose-ammonia), and glucose-phenylalanine media. This is similar to the half-life of functional PAL mRNA (13) . These "VJ Il lAUL bV1JULVt--IV. I IV 63" J. VlU1V1 IIOV %,VIlW1LlVXl; "11r-DNA and DNA-RNA hybridizations are equivalent (9) . Results showed that S pg of DNA and 260 ng of RNA were required to produce 50% of the maximal hybridization. Therefore 0.0072% of the total RNA is PAL mRNA. Assuming the mRNA is 0.5% of the total RNA (this is the percentage of R. toruloides RNA which is polyadenylated), the PAL mRNA represents 1.54% of the total mRNA. PAL mRNA synthesis and degradation. PAL mRNA induction was determined by measuring levels of PAL mRNA in R. toruloides transferred from noninducing (glucose-ammonia) to inducing (phenylalanine) growth conditions. Results showed (Fig. 6A ) a rapid induction of PAL mRNA when yeast cells were transferred to phenylalanine medium. Maximum levels of PAL mRNA were observed within 60 min of transfer to inducing conditions. The kinetics of PAL antigen and PAL mRNA synthesis were determined as follows. R. toruloides cells grown on glucose-ammonia medium were harvested, washed in 0.15 M NaCl, and suspended in phenylalanine minimal medium. At regular intervals cells were removed and PAL antigen (0) and PAL mRNA (0) levels were determined as described in the text. Approximately 2,000 cpm of the probe hybridized to 1 .g.of RNA at 100%o induction. (B) The rate of PAL mRNA degradation was determined as follows. R. toruloides cells were grown in phenylalanine minimal medium or glucose-phenylalanine medium, labeled with [8-3H] adenine, harvested, and washed as described in the text. The cells grown on the former medium were transferred to phenylalanine minimal medium (0), phenylalanine-ammonia (A), or glucose-ammonia medium ( ); R. toruloides cells grown on the latter medium were transferred to glucose-phenylalanine medium (A). These media were supplemented with 5 mM nonradioactive adenine. At regular intervals after the net uptake of [3H]adenine into RNA had stopped (ca. 10 min in nonradioactive medium), cells were removed, the RNA was extracted, and 3H-PAL mRNA was determined by hybridization to PAL cDNA as described in the text. Time zero is when incorporation of [3H]adenine into RNA ceased. At this time the specific activity of 3H-PAL mRNA was 3,000 cpm/ng of PAL mRNA.
